Hyperbolic polaritons in van der
Polaritons -electromagnetic fields coupled to phonons or plasmons-in van der Waals (vdW) materials can naturally exhibit a hyperbolic dispersion, as in certain frequency regions the out-of-plane (axial) permittivity can be opposite in sign to the in-plane (transverse) permittivity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These so-called hyperbolic polaritons (HPs) can propagate with arbitrarily large wavevectors k through the material, thus enabling subdiffraction focusing and waveguiding 5, 6, 9, 10 or negative refraction 11 . They have manifold nanophotonic applications, including super-resolution optical imaging 6 or subwavelengthsized resonators [7] [8] , among others. The required thin flakes of high crystal quality can be readily obtained by standard exfoliation techniques. The possibility to obtain one-atomthick flakes further promises the development of atomic-scale hybrids for visible, midinfrared and terahertz nanophotonics. 20 At surfaces exhibiting a strong in-plane anisotropy, interestingly, vdW materials can also support hyperbolic surface polaritons 16, [21] [22] [23] [24] [25] (HSPs, also called Dyakonov surface waves 26 ). In contrast to HPs, they are confined to surfaces and interfaces, similar to conventional surface polaritons 27 . HSPs in vdW materials have been studied mostly theoretically. 16, [23] [24] [25] Only recently, hyperbolic surface plasmon polaritons were observed experimentally by electron energy loss spectroscopy in Bi 2 Se 3 platelets. 13 HSP also exist in artificial metamaterials and on artificial metasurfaces. [21] [22] [23] 26, 28 At visible frequencies, the extraordinary propagation of HSPs on a silver/air grating has been recently demonstrated by far-field fluorescence imaging. 28 The unit cells or layers of artificial metamaterials and metasurfaces are often obtained by lithographic structuring, leading to typical structure sizes S in the range of several 1 to 10 nanometers. The maximum HSP wavevector is thus limited according to k HSP ~ 1/S. vdW materials offer the advantage that the HSP wavevector k HSP can reach its ultimate maximum, because of the atomic-scale distances between the atomically thick layers.
Here we perform the first comparative theoretical and experimental study of volume and surface-confined hyperbolic phonon polaritons in h-BN flakes. Being a typical insulating and polar vdW material, h-BN exhibits hyperbolic phonon polaritons in two mid-infrared spectral regions: (1) the lower Reststrahlen band (760-825 cm -1 ) with a negative out-ofplane permittivity (ε| |<0) and positive in-plane permittivity (ε⊥>0); (2) Hyperbolic polaritons can be excited with a dipole source, which generates highly concentrated near fields that provide wavevectors larger than that of free-space photons.
In Fig. 1a we demonstrate the launching of HPs in h-BN with the help of numerical simulations. To that end, we place an electric dipole (oriented vertically) on top of bulk h-BN (infinitely thick), whose optical axis (OA) is oriented perpendicular to the horizontal surface (illustrated in Fig. 1a , left). We observe highly confined bright rays, which
propagate inside the h-BN, revealing volume-confined hyperbolic phonon polaritons (Fig.   1a , right). As the HP dispersion relation does not depend on the direction of the in-plane wavevector, the HP rays launched by a vertically oriented dipole form a threedimensional (3D) cone [5] [6] [7] [8] [9] [10] , which we illustrate by virtual cuts through the h-BN (Fig. 1a, right). We stress that the dipole does not excite hyperbolic surface polaritons, which is apparent from the absence of any field confinement at the h-BN surface.
As introduced before, the excitation of HSPs on h-BN requires a strong in-plane anisotropy of the surface [21] [22] [23] [24] [25] 28 . It can be achieved when the atomic h-BN layers are perpendicular to the surface (i.e. when the OA is parallel to the surface, as sketched in Fig.1b ), which we demonstrate by rotating the h-BN by 90 degrees as compared to Fig.   1a . Within the surface, the permittivity parallel to the OA is positive, while the one perpendicular to the OA is negative. In the numerical simulations (Fig. 1b, right) we consequently see bright rays that propagate along the h-BN surface in specific directions (neither parallel nor perpendicular to the OA). Most important, the fields associated with the rays are confined to the surface, corroborating that HSPs are observed. We note that the dipole also launches HPs, which manifest as rays that propagate inside the material.
In contrast to Fig. 1a , they do not form a cone but rather propagate in specific directions (see right virtual cut through the h-BN in Fig. 1b) .
In order to understand the highly directional propagation of HP and HSP rays, we analyze their wavevectors k = (k⊥ ,a, k⊥ ,b , k| |), which are given by the solutions of the following dispersion relations, respectively:
k| | is the wavevector parallel to the OA and k⊥ are the wavevectors perpendicular to the OA. k 0 is the free-space wavevector. k e is the HSP wavevector (in the h-BN) perpendicular to the surface 22 , which can be simplified to (Fig. 1a) is thus described by a cone of opening angle 2θ v (Fig. 1c) . The solutions of Eq. 1b are two-dimensional hyperbola (isofrequency curves, red curve in Fig. 1d ). Similar to HPs, we find that the large HSP wavevectors k HSP can be described by an asymptote with angle θ s relative to k⊥ ,a . Excitation of HSPs by a dipole field thus leads to highly directional two-dimensional HSP propagation along the surface (Fig. 1b) .
To compare HSPs and HPs, we plot in Fig. 1d 
and
where ε d is the permittivity of the adjacent isotropic medium. In contrast to HPs, the propagation of HSPs is not only dependent on the permittivity (and thus frequency) of the hyperbolic materials, but also on ε d . In Fig The zig-zag HSP ray forms a guided polariton that can be described by a superposition of eigenmodes (labeled as SMn (n = 0,1,2…). Their profiles are depicted in Fig. 2c, clearly showing the mode confinement to the edge of the h-BN slab, which becomes stronger with larger n. The eigenmodes are described by a complex-valued wavevector K SMn =q SMn +iγ SMn . 10 The propagation constants q SMn relate to the mode wavelengths as λ SMn =2π/q SMn , while the damping parameter γ SMn determines the mode propagation length L SMn =1/γ SMn . The largest propagation length is found for the SM0 mode, as its wavevector is smaller than that of the higher order modes.
We experimentally verify HSPs with nanoscale-resolved infrared images (Fig. 3a) taken with a scattering-type scanning near-field optical microscope (s-SNOM, Neaspec) 5, 6, [8] [9] [10] .
As a sample we used a 40-nm-thick h-BN flake on a Si/SiO 2 (250 nm) substrate, following the exfoliation procedure described in the Methods. As illustrated in Fig. 3b (upper panel), the sharp metallized tip of the s-SNOM (tip radius~30 nm) was illuminated by a wavelength-tunable mid-infrared quantum cascade laser (operating between 1295
. Acting as an antenna, the tip converts the incident light into strongly enhanced and confined near fields at the very tip apex. 5, 6, [8] [9] [10] Similar to the dipole source in Figs. 1 and 2, they provide the necessary wavevectors for launching HPs and HSPs.
We illustrate the tip-launching of HSPs with a numerical simulation shown in Fig. 3b (displaying the in-plane electrical field component ! ! ). Similar to parallel to the edges of the flake, which have been already observed and analyzed in previous publications. 5, 10 They result from the interference of the local field below the tip with the tip-launched and edge-reflected fundamental HP waveguide mode (labeled M0). 5, 10 The fringe spacing consequently corresponds to half of the M0 mode wavelength, λ M0 /2 (indicated in Fig. 3a , middle image). Most intriguingly, our images reveal, for the first time, signal oscillations (manifesting as bright and black dots along the edges) that are strongly confined to the flake edges, which exhibit a reduced oscillation period. We attribute them to the excitation of the SM0 mode, as predicted in Fig. 3b . The tip`s near field launches hyperbolic surface modes that propagate along the edge of the flake.
They reflect at the flake termination (bottom left in Fig. 3a) and interfere with the field below the tip apex. From the oscillation period at the edges (λ SM0 /2, indicated in the middle image of Fig. 3a) we can thus directly measure the wavelength of the SM0 mode.
We also recognize that the oscillations decay with distance to the flake termination, analogous to the decay of the fringes inside the flake. We can understand this observation by the finite propagation length of the SM0 mode. Note that the images of . For a given frequency, the propagation constant of the SM0 mode is larger than that of the M0 mode, q SM0 (ω) > q M0 (ω), indicating a higher electromagnetic field confinement. We note that for thinner h-BN flakes both q SM0 and q M0 are increased, while q SM0 is again larger than q M0 , as observed in s-SNOM images of different flakes and by numerical calculations. This thickness dependence follows the general trend of polaritons to become more confined with decreasing structures size (e.g. thickness and width of polaritonic waveguides). In Fig. 4a we also observe that the simulated SM0 dispersion approaches asymptotically the SO frequency at ω = 1568 cm −1 (ε ⊥=−1, flake edges surrounded by air), in contrast to the simulated M0 dispersion extending above the SO frequency [5] [6] [7] [8] [9] [10] . We stress that the SO frequency is the typical dispersion limit for surface modes 25 . Our experimental and theoretical results thus verify that the measured SM0 mode indeed is a hyperbolic surface phonon polariton propagating along the edge of the h-BN flake. In Fig.4b we show the group velocities v g of the M0 and SM0 modes, obtained by calculating v g = ∂ω/∂q. A good agreement between experimental (symbols) and calculated (solid lines) results are found. Consistent with a recent s-SNOM study 10 , the M0 modes exhibit ultraslow group velocities. The SM0 group velocity is even slower.
For example, at ω = 1440 cm −1 we find v g,SM0 ≈ 0.005c compared to v g,M0 ≈ 0.007c.
In Fig. 4a we also show the calculated dispersion of the M0 and SM0 modes of a 40-nmthick free-standing h-BN flake (dashed blue and dashed red lines). We find that both curves are shifted to smaller wavevectors, as compared to the results with the substrate.
We explain the larger wavevectors in case of the substrate by the penetration of the polariton fields into the substrate. Because of the higher refractive index of the Si/SiO 2 substrate compared to air, the effective mode index of the hyperbolic polaritons is increased. Interestingly, the substrate induces a larger wavevector shift for the M0 mode than for the SM0 mode. As the substrate is not in direct contact to the surface of the h-BN edge, the fields of the SM0 penetrate less into the substrate than those of the M0 mode (see calculated cross-sections of the SM0 and M0 mode profiles in Figs. 2c, S1a
and S1b). Consequently, the SM0 mode is less affected by the substrate than the M0 mode.
To estimate the confinement of the SM0 mode into the flake (along the top h-BN surface), we analyzed the s-SNOM image at 1410 cm -1 . By plotting in Fig. 3d various line profiles parallel to the edge, we find that the oscillation period p is half of the wavelength of the surface mode, p(y) = λ SM0 /2, for y < 1000 nm, while for y > 1000 nm we find p(y) = λ M0 /2. From this observation we conclude that the surface mode SM0 extends less than 1000 nm into the flake, which is in good agreement with the 1/e field decay length (about 700 nm) of the calculated SM0 mode profile at 1410 cm -1 . Because of the complex interference pattern formed by the M0 and SM0 modes propagating in both x-and y-directions, a more quantitative analysis will require further studies beyond this work.
To study the propagating length and lifetime of the M0 and SM0 modes, we plot L M0 = 1/γ M0 and L SM0 = 1/γ SM0 in Fig. 5a as a function of frequency. The experimental data (blue and red open symbols, respectively) were obtained by fitting of the s-SNOM line profiles as described above. We observe that the propagation lengths of both SM0 and M0 modes decrease with increasing frequency. Moreover, the M0 mode propagates farther than the SM0 mode, as confirmed by calculations (see Methods).
Although the SM0 mode has a shorter propagation length compared to the M0 mode, it does not necessarily imply a smaller lifetime, as the SM0 modes have a smaller group velocity (Fig. 4b) . To elucidate this interesting issue, we plot in Fig. 5b the lifetimes of both modes as a function of frequency. To that end, we calculated the lifetimes according to τ SM0 = L SM0 /2v g,SM0 and τ M0 = L M0 /2v g,M0 . The experimental lifetimes (symbols in Fig. 5b ) amounting to about 0.8 ps were obtained from the propagation lengths of Fig.   5a (symbols) and group velocities of Fig.4b (symbols) . Interestingly, the lifetimes for M0
(blue symbols in Fig.5b ) and SM0 (red symbols) modes are nearly the same, and only slightly vary with frequency. These experimental observations are confirmed by the lifetimes (solid lines in Fig.5b ) calculated from the simulated propagation lengths and group velocities.
We note that the measured lifetimes are not an intrinsic property of the SM0 and M0 modes of h-BN flakes, as they are modified by the frequency-dispersive and lossy Si/SiO 2 substrate (as discussed in Fig. 4a ). For that reason, we also calculated the lifetimes of the SM0 and M0 modes of a 40-nm-thick free-standing h-BN flake (dashdotted lines in Fig. 5b ). In this case, the lifetimes of both modes are significantly increased to around 2-3 ps. Interestingly, the lifetime of the M0 mode is constant with frequency, while the lifetime of the SM0 mode significantly decreases with increasing frequency. We attribute these distinct trends to the different field confinement of the SM0 and M0 modes. Approaching the SO frequency, the confinement of the SM0 to the surface increases, which results in a larger fraction of polariton field propagating inside the h-BN flake. As damping of the surface polaritons is caused by dissipation of field energy inside the material (i.e. inside the h-BN flake), the lifetime of the SM0 modes reaches its minimum at the SO frequency. The constant lifetime of the M0 mode we attribute to the volume confinement of the fields of HPs. Independent of the frequency, the polariton field propagates inside the h-BN flake. Certainly, further studies will be needed in the future for a more comprehensive understanding of this observation.
We finally note that in the images and line profiles of Fig. 3c we do not observe higher order SMn modes (n > 0), although in principle they are excited by the s-SNOM tip (leading to the zig-zag pattern in the numerical simulation shown in Fig. 3b) , similar to the observation of higher-order Mn modes 9 . However, their wavelengths are significantly smaller than that of the fundamental SM0 mode (see the calculated dispersion in Figure   S1c of the Supporting Information), which makes them challenging to be resolved experimentally. They might be observed in future s-SNOM experiments by using h-BN flakes with sharper edges, reducing the imaging pixel size and improving the signal-tonoise ratio.
In summary, we employed spectroscopic s-SNOM for real-space nanoimaging of hyperbolic surface phonon polariton modes that are confined and guided at the edges of 
where ! !" and ! !" are the TO and LO phonon frequencies, Γ the damping constant and ! ! is the high-frequency permittivity . For the transverse components we used ! ,! = 4.9,
For the axial component we used ! ,! = 4.95,
In order to fit the experimental lifetimes in Fig. 4b , we used the damping constant = 2 !! !! for both components. A similar value of the damping constant is reported in ref. 7 . 
